Transparent conducting materials (TCMs) are required in many applications from solar cells to transparent electronics. Developing high performance materials combining the antagonistic properties of transparency and conductivity has been challenging especially for p-type materials. Recently, high-throughput ab initio computational screening has emerged as a formidable tool for accelerating materials discovery. In this review, we discuss how this approach has been applied for identifying TCMs. We provide a brief overview of the different materials properties of importance for TCMs (e.g., dopability, effective mass, and transparency) and present the ab initio techniques available to assess them. We focus on the accuracy of the methodologies as well as their suitability for high-throughput computing. Finally, we review the different high-throughput computational studies searching for new TCMs and discuss their differences in terms of methodologies and main findings. 
INTRODUCTION
Transparent conducting materials (TCMs) display simultaneously high electrical conductivity and optical transparency. This peculiar combination makes these materials very interesting both from a fundamental standpoint and for a large variety of applications such as solar cells, flat panel displays, touchscreens, light emitting diodes, and smart-windows (low emissivity and electrochromic windows). The most studied and used TCMs are oxides, referred to as TCOs. TCOs are usually made of high band gap (>3 eV) oxides which are intrinsically or extrinsically doped to reach a very low resistivity (10 −4 Ω cm). The first TCO, cadmium oxide (CdO), was discovered more than a century ago. The breakthrough in the field of TCOs and associated applications came in the 1960s with the development of two compounds: indium oxide (In 2 O 3 ) usually doped with tin (ITO) and tin dioxide (SnO 2 ) usually doped with fluorine (FTO). ZnO has also been widely studied recently in part due to concerns about the cost of indium. For extensive reviews about these typical TCOs, the reader may refer to refs. [1] [2] [3] [4] [5] More recently, new n-type TCOs have also emerged such as Ga 2 O 3 which offers a very wide band gap and is considered for power electronics, 6, 7 or BaSnO 3 which shows one of the highest mobility ever measured in a TCO (>120 cm 2 V −1 s
at room temperature). 8, 9 The traditional and widely used TCOs are all n-type doped. In fact, one of the main challenges in the field is to develop novel ptype TCOs with performances on a par with their n-type counterparts. While some p-type materials have been suggested (e.g., CuAlO 2 , SnO, NiO, and LaCrO 3 ) 10,11 their materials properties remain poor compared to n-type TCOs. This is especially the case for the carrier mobility, with values typically lower than 5 cm 2 V −1 s −1 for p-type oxides. A high mobility/conductivity p-type TCO could be used in combination with known n-type TCOs to develop p-n heterojunctions and enable the development of many new devices opening new avenues in transparent electronics. In addition, p-type TCOs would find applications in thin-film transistors, 12 as hole-transport layers in solar cell architectures, as efficient photocathodes in water-splitting solar cells, 13 or in dye sensitized solar cells. 14, 15 So far, the identification and development of efficient TCMs has been driven mainly by chemical intuition, trial-and-error methods, or experimental serendipity. The quality of the current firstprinciples or ab initio computational approaches combined with the large computational resources available nowadays offer an alternative avenue to materials discovery in general. Starting from a large set of known or hypothetical crystal structures, their physical properties are calculated automatically and stored in databases. Promising candidates are then searched for in this vast data set. The available data also offers a unique playground to search for structure-chemistry-property relationships. This highthroughput (HT) computational approach is emerging in many fields 16 together with the development of large online databases of material properties such as AFLOWLIB, 17 the Materials Project (MP), 18 or the open quantum materials database (OQMD). 19 The aim of this review is to present the HT efforts dedicated to the search of new TCMs. We will first review the materials physics behind the properties of interest (electrical conductivity and transparency to visible light) and the different levels of theory that can be used to compute these properties. Figure 1 summarizes how materials physics and chemistry (e.g., band structure and point defects) drive the properties of interest for TCMs. We separate the properties used on a large scale (in green in Fig. 1 ) from those that are still only available for lower throughput (in red in Fig. 1 ). Using these different techniques several studies have used HT computing to search for novel TCMs and the last section of this paper will report on their different approaches and main results.
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Materials physics
The textbook expression linking the electrical conductivity to materials properties is σ = eμn = ne 2 τ/m * where μ is the mobility of the carriers which depends on m* their effective mass and τ their scattering time. The effective mass is related to how the band energy (ε) varies with the wavevector (k) by (m * ) −1 = ℏ −2 ∂ 2 ε/∂k 2 . This simple expression captures much of the physics of carrier transport in TCOs but is not applicable to the many materials deviating from a single parabolic band picture. Indeed, many materials present multiple bands, different valleys in the conduction or valence bands (CB and VB, respectively) and nonparabolicity. Moreover, the conductivity and the effective mass are in general direction dependent and are therefore tensorial properties. It is possible to define more strictly the effective mass taking into account all those effects by resorting to the Boltzmann transport equation (BTE), as illustrated in Fig. 1 . The BTE is a semiclassical theory linking materials properties to transport properties (conductivity, Seebeck coefficient, etc.). Adopting the linearized Boltzmann formalism and the relaxation time approximation, the conductivity tensor is given by [20] [21] [22] [23] [24] σ αβ ðε F ; TÞ ¼ Àe
where α and β are Cartesian coordinates, e is the elementary charge, f(ε nk ; ε F ,T) is the Fermi-Dirac distribution function, ε F is the Fermi level, ε nk is the electron energy of the band n at the wavevector k, v nk,α is the α-component of its velocity defined as ∂ε nk /∂k, τ nk is its lifetime or relaxation time, and T is the temperature. The computation of the conductivity tensor requires the knowledge of the band structure ε nk and the relaxation time τ nk . The relaxation time accounts for the different scattering mechanisms occurring in a material: 3, 25 scattering by defects of the crystal, by impurities, by grains boundaries, by acoustic and optical phonons, etc. Often, the constant relaxation time approximation (CRTA) is used, where τ nk is considered to be constant (see Fig. 1 ). This can be justified assuming that there is no large variation of the relaxation time in an energy range of k B T, with k B the Boltzmann constant. 26 This assumption is usually valid in metals and degeneratly doped semiconductors. 22 In the CRTA, the computed conductivity depends on the band structure only, and on τ as a multiplicative parameter: 23 
Using an integration by parts, the CRTA conductivity tensor becomes
introducing the effective mass tensor
In the case of a single isotropic parabolic band, Eq. (3) becomes the usual textbook expression for the conductivity mentioned in the beginning of this section. The effective mass tensor is an intrinsic property depending only on the band structure of the material. However, it varies in the Brillouin zone depending on k and n. It is possible to define an average effective mass tensor taking into account all bands and the full Brillouin zone. This average effective mass tensor can be obtained by dividing the conductivity tensor at a given carrier concentration and temperature obtained within the CRTA by the carrier concentration and relaxation time
This is equivalent to evaluating 23, 24, 27, 28 
We note that this definition is dependent on the temperature and carrier concentration used. The effective mass is a symmetric tensor for which quantities invariant with the chosen axes (e.g., 3 eigenvalues or the trace) are often used. Other methods have been used in the literature based on the fitting of a parabola to the VB maximum (VBM) or CB minimum (CBM) along certain symmetry lines. [29] [30] [31] [32] [33] [34] This approach has been adopted in screening studies but it has strong limitations as it fails to take into account the nonparabolicity, multiple bands, multiple pockets nature of many band structures. It is problematic for the less symmetric space groups where the symmetry lines might not lie along the eigendirections of the effective mass tensor. A density of state (DOS) effective mass (i.e., obtained by fitting the DOS of a parabolic band to the actual one) has also been used in the literature. 35 This DOS effective mass solves the problem of nonparabolicity or multiple bands but inherently does not take into account the directional aspect of transport. For the sake of completeness, we note that other types of effective masses can be defined in a similar way such as the Seebeck effective mass widely used in thermoelectrics. 27, 36 For these reasons, Eq. (6) is, in our opinion, the most rigorous and general way of defining an effective mass to compare materials in terms of their conductivity (or mobility) based solely on their band structure.
Computational approach for the conductivity and mobility The conductivity effective mass (Eq. (6)) described above depends solely on the band structure. The latter can be obtained from density functional theory (DFT) with a relatively low computational budget. While standard DFT (i.e., based on semilocal functionals Fig. 1 The transparency of a material is described by its transparency T, determined by the absorption coefficient α and the reflectivity R. The energy onset above which light is absorbed is determined by the band gap E g of the semiconductor and the oscillator strengths 〈ψ nk |r|ψ nk 〉 between states nk and mk. The reflectivity onset is called the plasma frequency ω p . The conductivity σ of a material can be computed using the BTE. The most used approximation is to consider a constant relaxation time τ nk = τ. In the CRTA, the effective mass m* is used to describe the transport capabilities of a material. This effective mass depends on the band structure ε nk and on the Fermi level ε F , or the carrier concentration n, at a temperature T. Quantities in green (red) are usually (not) used in HT studies such as the local density approximation or generalized-gradient approximation (GGA)) tends to underestimate band gaps dramatically, the effective mass agree reasonably well with experiments. 23 The band gap underestimation can, however, be problematic when the semiconducting material is metallic in DFT. We note that in the case of transition metals, Hubbard U corrections can be used to open the gap at no additional computational cost. For transport computations, the density of k-points has to be large enough to capture all the details of the band structure. Interpolation techniques implemented in softwares such as Boltztrap have been effective in providing satisfying effective masses, 20, 21, 23, 24 but other approaches have been suggested as well. 37 Scattering processes are usually not taken into account in HT studies and effective masses are used as a proxy to mobility and conductivity. A low effective mass is necessary for high mobility/ conductivity. In fact, all the best n-type TCOs (SnO 2 , ZnO, and In 2 O 3 ) show among the lowest computed electron effective masses in oxides. 24 Finally, we stress that all the described approaches assume that band transport is occurring and that small polarons are not forming. Small-polaron formation energies as well as their energy barriers for hopping are assessable through ab initio techniques. [38] [39] [40] [41] In general, small-polaron computations require a good amount of human intervention and more costly techniques beyond standard DFT such as hybrid functionals. When they are included in screening studies it is only at the very end of the screening process. 35, 42 An interesting future avenue would be to develop efficient descriptors for small-polaron formation. It is already possible to relate small-polaron formation energies and the coordination environments of certain transition metals. 38 If this approach could be generalized, the recent development of algorithms to automatically identify coordination environments could provide interesting tools to help in the screening of small-polaron formation. 43, 44 Dopability of a material The conductivity depends on the mobility (i.e., effective mass and scattering) but also on the amount of carriers, as illustrated in Fig.  1 . TCMs being typically doped semiconductors, their carrier concentration n is set by the amount and type of defects in the crystal. The intrinsic (or native) point defects consist of vacancies, self-interstitials and antisites (cations on sites of anions, for example). The extrinsic point defects (impurities or dopants) are substitutional and interstitial foreign atoms.
Point defects strongly influence the carrier concentration and hence the conductivity of semiconductors and TCMs. Indeed, charged defects in semiconductors can generate free electrons or holes. The ability to intrinsically or extrinsically dope a material can be assessed by computing defect formation energies as functions of the Fermi level. This defect formation energy (E f ) can be written as
where the defect D is in the charge state q, E[D q ] and E[bulk] are the total energies of the crystal with the defect D q and without any defects, respectively, n i is the number of atoms of type i that have been removed (n i < 0) or added (n i > 0) by the formation of the defect and μ i is their chemical potential which is set by growth conditions and phase stability, E F is the Fermi level referenced with respect to the VBM, and E corr [D q ] is a correction term introduced to take care of the spurious image charge interactions and the alignment of the potential for charged defects (see the Computational approach for defects studies section). Figure 2 shows a typical defect formation energy versus Fermi level plot. In Fig. 2a , each defect (D 1 -D 4 ) has charged (positive or negative slope depending on the sign of the charge) and uncharged (horizontal lines) states. The defect D 1 has a rather low formation energy and easily exists in charge state −1, making it a shallow acceptor ((0/n−) charge-state transition state close to the VBM, with n a positive number). The defect D 2 is on the contrary a shallow donor ((n+/0) charge-state transition close to the CBM). The defect D 3 is another shallow donor but it is less stable as it has a larger formation energy. The defect D 4 is a deep defect because it displays charge-state transitions (0/−1) and (−1/−2) in the middle of the gap. Different defects always compete with each other in a material and it is the result of these competitions that sets the Fermi level. For instance, Fig. 2b presents an n-type tendency: the donor defect D 2 has a much lower formation energy than the others and therefore easily exists in charge-sate +1 around the CBM and releases a free electron into the crystal. In the same way, Fig. 2c shows a p-type tendency. The case of undopability (neither n-or p-type) is shown in Fig. 2d Chemical potential of elements and thus synthesis conditions will affect the defect formation energies and therefore their behavior in the material. Certain materials are intrinsically n-type and will be very difficult to form as p-type, especially in equilibrium conditions. For instance, many good n-type oxides have an energetically favorable shallow oxygen vacancy intrinsically generating electrons (e.g., SnO 2 and In 2 O 3 ). 46 This oxygen vacancy acts also as a hole-killer as it compensates any attempt to dope the material p-type. This hole-killing process has been demonstrated computationally for many n-type oxides such as SnO 2 , ZnO, or In 2 O 3 .
47,48 Some materials cannot be doped neither n-nor p-type and will behave as insulators. Finally, some rare materials can be ambipolar such as silicon but also SnO. 49, 50 A complete defect study is an expensive task. Alternative methods to determine the dopability at a lower cost have been greatly sought for. Band edges versus vacuum are known to correlate with dopability. 48, [51] [52] [53] For instance, p-type oxides tend to have a valence band higher in energy than n-type or insulating oxides. This has provided chemical understanding for intrinsic p-type doping in certain oxides. A case in point is the p-type behavior of copper based oxides which can be related to the copper mixing with oxygen character of their valence band pushing the valence band to higher energies than the purely oxygen band present in many oxides. However, accurate band edges computations with respect to a common reference such as vacuum can be computationally challenging as periodic boundary codes require to construct slabs. Moreover, the accuracy of DFT is here questionable but more appropriate hybrid or GW computations are more expensive. A very cheap alternative, the branchpoint energy (BPE) method is more attractive in terms of computational time. Originally suggested by Tersoff, 54 this approach has been applied with modern electronic structures calculations by Schleife et al. 55 and used in many studies afterwards. 30, 56, 57 The BPE is computed using only the band structure as
where N k is the number of k-points used to sample the Brillouin zone, N CB and N VB are the number of conduction and valence bands considered, with ε c nk and ε v nk their energies. Below (above) the BPE, defect states will be mainly donor-(acceptor-) like. Therefore, if the BPE of a material is close to the CBM or inside the CB, the material will likely be easily n-type dopable. Similarly, if the
BPE is close to the VBM or inside the VB, the material will likely be easily p-type dopable. If the BPE is in the middle of the gap, nothing can be said about the dopability. The use of the BPE is controversial. A priori, the formula requires to choose adequately the bands to use through N CB and N VB , giving a sense of arbitrariness. Moreover, the fact that complex defect physics could be captured by band shape only is surprising. Recently, stricter assessment of the BPE was performed by WoodsRobinson et al. 58 as they analyzed the computed BPE of 74 known TCMs and compared their results with the known dopability of these materials. Part of their results are reported in Figure 3a . Their analysis showed that the BPE is able to predict the n-type dopability, but completely fails to predict the p-type dopability: for most of the tested p-type materials, the BPE is in the middle of the gap. However, as pointed out already by the authors, a selection bias might be at play here as most n-type TCOs have lower electron effective mass moving the BPE in the conduction band to the contrary of the higher effective mass of p-type TCOs. Recently, Yim et al. clearly questioned the prediction power of the BPE providing evidence that it cannot efficiently discriminate between n-and p-type TCOs. 37 Instead of the BPE, Yim et al. suggested the formation energy of the hydrogen (FEH) interstitial defect, with the Fermi level at the VBM, to be the descriptor for how strong the p-type dopability is. 37 The rationale behind this descriptor is the fact that the positively charged hydrogen atom has transferred an electron to the VBM (at the Fermi level), which therefore correlates with the vacuum level. Using this FEH, they find a clear distinction between experimentally n-and p-type materials, as reproduced in Figure 3b . We should however note that work from Varley et al. showed that the BPE correlated very well with the interstitial hydrogen transition level, for II-VI and III-V zinc-blend compounds. Moreover, Shapera et al. 57 showed that the BPE is able to predict the band offsets in heterojunctions.
Computational approach for defect studies There are two natural ways to compute charged defects in solids: the use of clusters and supercells. In these approaches, ionized states of defects in semiconductors are investigated by using clusters or supercells containing defects in the corresponding charge states. While using clusters leads to problems with the dangling bonds on their surfaces that are difficult to eliminate, using supercells with periodic boundary conditions induces spurious Coulomb interactions between image charges (E corr [D q ] in Eq. (7)). [59] [60] [61] Nowadays, thanks to the advances of DFT-based calculations and hardware, large supercells can easily be treated for which the image charge interactions are minimized. Furthermore, corrections methods have been developed (see below) making supercell calculations a tool of choice.
Supercell computations are used to evaluate Eq. (7). DFT with semilocal functionals provides fairly good defect formation energies and general doping tendencies. 62 However, it is wellknown that DFT relying on semilocal exchange-correlation functional drastically underestimates the band gap. Empirical corrections to the band edges to fit to experimental data (scissor operator) have been used to correct this underestimation with much controversies in the literature on the right method to perform this. When working with 3d transition metals, a Hubbard U correction has also been used. The current method of choice is to use hybrid functionals which add a fraction of exact exchange to the DFT functional and provide good energetics in addition to much improved band gaps. The Heyd-Scuseria-Ernzherof (HSE) hybrid functional is especially powerful in solids. [63] [64] [65] Another way to obtain a correct evaluation of the band gap is to use manybody perturbation theory within the GW approximation, [66] [67] [68] implemented in many first-principles codes. 69 This approach is, however, problematic as it does not provide forces and cannot be used for atomic relaxation around the defect (contrary to hybrid functionals).
Charged defects computations are intrinsically difficult to perform in periodic boundary condition codes. Indeed, potential alignment (due to the background charge always present in charged defect computations) as well as spurious image charge Coulomb interactions have been known to affect the accuracy of the supercell computations. Different techniques have been suggested to correct these errors with a recent popularity for the methods developed by Freysoldt and Kumagai. [70] [71] [72] [73] Although defects calculations with supercells containing around 200 atoms are doable, they are challenging to perform HT both for computational and automation reasons. Recent tools such as PyCDT, PyDEF, or other Python frameworks have been developed to handle such calculations as automatically as possible. [74] [75] [76] While the increase in carrier concentration provided by shallow defects is expected to directly increase the conductivity, we should note that the point defects providing the doping can lower the mobility for instance through ionized impurity scattering. Additionally, higher carrier and defect concentrations also affect transparency as explained in Section "Transparency to visible light". This leads in practice to some material-dependent optimal carrier concentration maximizing both transport and optical properties.
TRANSPARENCY TO VISIBLE LIGHT
The transparency of a material (T(ω)) of thickness t, at a given light frequency ω depends on its reflectivity R(ω) and its absorption coefficient α(ω) (see Fig. 1 ) through
An increase of the reflectivity or the absorption coefficient naturally leads to a decrease of the transparency. In a semiconductor with a direct band gap, a strong absorption onset at the direct band gap energy E g due to interband transitions sets the higher bound of the light frequency above which the transparency drastically decreases, see Figs. 1 and 4 . 2, 3, 77 In an indirect gap material, the interband transitions at the fundamental (electronic) gap have a smaller effect on the absorption because phonons are needed to activate these transitions. A more pronounced absorption onset starts at the direct (optical) gap. The minimal value of the optical band gap of a TCM is usually recommended to be around 3 eV, to avoid absorption in the visible spectrum. 77 For applications based on thin films (~100 nm), the indirect absorption can be so weak that in practice an indirect gap lower than 3 eV is acceptable. A few known TCOs rely on this, for instance SnO which shows a direct band gap of 2.7 eV and an indirect band gap of 0.7 eV. 78 In this material, the absorption coefficient due to indirect transitions is negligible (~10 4 cm −1 ) compared to direct transitions (~10 5 cm −1 ), and the material has a transparency of 70-80% for a 100 nm film.
78,79
Absorption can also come from additional effects. For example, deep defect levels can absorb a part of the visible light which can be detrimental to the transparency, see Fig. 5a . 45, 80 In addition, since in doped TCMs some of the CB (VB) states are occupied by electrons (holes), new transitions to higher (lower) empty states become possible, as sketched in Fig. 5b . This so-called second band gap effect has been recently studied in a series of typical TCOs. 81 This effect can be slightly detrimental for materials with a second band gap that is significantly lower than the optical band gap. The effect has been shown to be not strong enough to prevent materials with smaller second band gaps to be of interest. In certain circumstances, the second band gap can be larger than the band gap and the filling of the states improves transmittance. This effect is called the Moss-Burstein effect 82, 83 and is responsible for the good transparency of CdO for instance. 84, 85 The addition of free carriers has an additional effect. At lower light frequencies, the excess carriers collectively oscillate and increase the reflectivity and absorption of the material. These effects can be quantified by phonon absorption or emission processes. 86 More phenomenologically, the Drude model is generally and successfully used to describe the reflection edge: light with a frequency lower than the plasma frequency is reflected by the free carrier gas, defining the lower bound of the transparency window, see Figs. 1 and 4. 2, 3, 77, 87 Following the Drude model, the plasma frequency ω p is defined by ω 2 p ¼ e 2 n=ðm Ã ε r ε 0 Þ, with ε r and ε 0 the relative and vacuum permittivity, respectively. In a TCM, the maximum value of the plasma edge is around 1.75 eV, to avoid reflection in the visible spectrum. 77 The existence of the plasma edge imposes a limit on the carrier concentration in a TCM: 88 the ratio n/m* has to be small enough not to reflect part of the visible spectrum. 2, 77, 87 The electrical conductivity σ is limited by this effect, giving rise to the wellknown transparency-conductivity compromise that has to be achieved in TCMs. 89 To put it simply, while increasing conductivity naturally pushes to increase the carrier concentration of a TCM, a too large concentration will transform the material in a metal that will reflect most of the light and compromise its transparency. Finally, the optical transparency window mentioned here is suitable for transparent electronics applications, as it corresponds to the visible spectrum. However, the required transparency window depends on the application. For example, a TCM used as a contact in solar cells should also be infrared transparent. This further decreases the maximum carrier concentration allowed through the plasma frequency.
Computational approach
The computation of the onset of absorption due to the interband transitions relies on the accurate computation of the band gap of the material, as shown in Fig. 1 . We have already mentioned some of the different methods used to compute the band gap of materials (see Section "Electrical conductivity and mobility"). DFT with semilocal functionals will underestimate the absorption onset sometimes dramatically as in ZnO (0.7 eV in GGA and~3.3 eV experimentally). 24 Hybrid functionals such as HSE, or the GW method, both yield better estimates of the absorption onset. 24, 81 For example, the G 0 W 0 method (single-shot GW) underestimates the band gap by 0.18 eV on average, 69 and HSE06 has an average error of 0.26 eV for typical semiconductors and 0.41 eV for transition-metal compounds. The error on the band gap can even be further decreased if one uses for example the partially selfconsistent GW 0 (typical errors of 3-5%) or the quasi-particle selfconsistent QSGW (~0.1-0.25 eV errors) techniques. 68, 90 However, hybrid and GW calculations both require a much larger computational time than DFT ones. This is why existing HT studies usually rely on the DFT band gap for the first screening, knowing that it is underestimated. Alternative techniques offering band gap estimation at lower computational cost have been suggested (e.g., the Δ-sol approach from Chan et al. 91 or the Tran-Blaha functional 92 ), but have not been used on a large scale yet. Reprinted from Lyons et al., 80 with the permission of AIP Publishing. b New transitions in highly doped TCMs. In the left panel, n-type TCMs, electronic transitions from the CB to higher energy states. In the right panel, p-type TCMs, electronic transitions from lower energy states to the VB. If the second band gap is large enough, the absorption edge can shift to blue wavelengths. Reprinted from Ha et al., 81 with the permission of AIP Publishing
The computation of the band gap (both fundamental and optical) gives an indication of the absorption onset. However, it does not take into account forbidden transitions or the shape of the band structure of the material. In some materials, the absorption can be important for larger energies than the optical band gap only. The absorption coefficient can be estimated within the independent particle approximation (IPA) or including localfield effects in the random phase approximation (RPA). IPA and RPA computations on a given band structure provide the dielectric tensor as a function of the frequency from which the absorption coefficient and reflectivity can be computed. They take into account the matrix elements 〈ψ nk |r|ψ mk 〉 which weight the optical transitions in function of their probability (oscillator strengths). In some cases, transitions have low or zero probability and these socalled forbidden transitions are important to explain the transparency of certain TCOs such as In 2 O 3 . 93 An estimate of the plasma frequency is usually also given by the software implementing the IPA/RPA. These approaches do not take into account any change of the band structure due to the excitation of electrons nor the interactions between the created holes and excited electrons, the so-called excitons. Taking into account these effects in order to obtain an absorption coefficient in better agreement with experiment requires to solve the Bethe-Salpeter equation. 94, 95 Due to its large computational load, this task is usually performed only in specific cases, 96 where the IPA or RPA alone are unable to explain experimental results. Finally, instead of relying on the Drude model, it is possible to compute the phononassisted absorption coefficient from first principles. 86, 97 Such computations are, however, still quite heavy and not used in HT yet.
HT APPROACH
As outlined in the previous sections, many of the properties of interest for TCMs are reachable using ab initio techniques with different levels of computational cost and accuracy. This naturally opens an avenue for the HT search of high-performance TCMs. Since 2013, several studies have followed this path and we will report on all of them, focusing on the differences in their approach, on the insight they provide and on the following experimental validation. Table 1 summarizes these studies and the techniques used to compute the descriptors. The TCM candidates outlined by these HT screenings are collected in Table 2 . A general HT screening funnel for TCMs is depicted in Figure 6 . The exact order will vary between different studies but they all somehow address all these properties. The quality of the descriptors has been rigorously assessed by Woods-Robinson et al. 58 One of the first computational screenings for p-type TCOs was presented by Peng et al. 35 The number of screened materials was very limited as it focused on a series of manganese spinels only. Taking into account a series of metrics (the thermodynamic stability, band gap, hole effective mass, absence of hole small polarons, p-type dopability) obtained from techniques ranging from GGA + U to GW, the study identified Cr 2 MnO 4 which was synthesized later confirming its transparency as well as its dopability. 35, 98 The conductivity was however found to be relatively low (~3.5 × 10 −2 S cm ) of the still too heavy holes in this material (9.8m e ). 98 A few months later in 2013, Hautier et al. 24 were the first to apply a HT approach to the p-type TCO problem on a large scale and across a very large chemical space. They screened 3052 existing binary and ternary oxides. The screening was based on the GGA hole effective mass, the G 0 W 0 band gap and defect computations combining G 0 W 0 and GGA. 42,99 Further computational exploration of the Sn 2+ and Pb 2+ chemistries was also performed by Singh et al. focusing on alkali-earth and phosphates. [100] [101] [102] Bhatia et al. 103 extended this HT screening to quaternary oxides. The screening identified Ba 2 BiTaO 6 as a p-type TCO candidate. The good theoretical transport performances of this material were explained by the efficient mixing of the O 2p states with the Bi 6s states forming the VB. Synthesis of the material both in powder and thin film confirmed the high transparency of the material, with a measured band gap larger than 4.5 eV. 103 Extrinsic doping was necessary to obtain p-type conductivity and measure the hole mobility, which was found to be relatively large (>30 cm 2 V −1 s −1 ) especially in comparison with typical hole mobilities in oxides (at most around 5 cm 2 V −1 s −1 ). The carrier concentration remained, however, small (only~10 14 cm −3 ) despite a large amount of extrinsic dopants introduced. The study demonstrated that Bi 3+ , which had been considered inappropriate for p-type TCOs in previous studies due to the too low Bi 6s orbitals, 104 could lead in an adequate structure to very low hole effective mass. Another HT study leading to an experimental confirmation was performed by Yan et al. focusing on half-Heusler materials. The authors identified TaIrGe as an extremely high mobility material but with also low hole concentration. 105 A natural extension using the data generated by the previous work was to study n-type TCOs. 28 Focusing mainly on the electron effective mass, Hautier et al. showed that it is unlikely to find a TCO with a significantly lower effective mass than the n-type TCOs Ha et al.
, and M Ã σ are the density of states effective mass, the effective mass fitted on a parabolic energy dispersion, the effective mass evaluated on lines in the Brillouin zone, and the conductivity effective mass. For the dopability, E f means that a full defect study has been performed. 30, 56 In their first work, the authors focused on the bixbyite structure of In 2 O 3 . They generated 1541 bixbyites starting from the known binary structures (A 2 O 3 with A 3+ cations) and combining them to create ternary oxides (A x B 1−x O 3 with A 3+ and B 3+ cations). They used the HSE functional to compute the band gap of the binary oxides and an interpolation approach for the band gap of ternary oxides. For the materials with the highest band gaps, dopability was assessed using the BPE. The authors found that Ga 2 O 3 could be a good ntype TCO and suggested V 2 O 3 to be a p-type candidate. In their subsequent work, Sarmadian et al. 30 screened all the 12,211 binary, ternary, and quaternary oxides using the AFLOWLIB database and the provided semi-empirical band gaps and effective masses (along symmetry lines). 17 Using additionally the BPE for a first doping screening followed by HSE band gap, they isolated 4 candidates for p-type TCO applications: X 2 SeO 2 with X = La, Pr, Nd, or Gd. They concluded their study by computationally showing that the doping of La 2 SeO 2 with Na atoms is possible. In view of the similarity of the goals from both studies (Hautier et al. and Samarian et al.) , it is interesting to compare the results at the very least after the screening on the effective mass and band gap. While many candidates are identified by both studies (e.g., B 6 O, Cerqueira et al. 106 combined new structure prediction and HT screening to identify 45 novel Cu-, Ag-, and Au-based TCOs, and characterized them by computing their hole conductivity effective mass and GGA band gaps. In the same spirit, Shi et al. 107 searched for novel ternary chalcogenides and found 79 new stable systems not present in the Materials Project. Their purpose was to find new nonoxide based chalcogenides. They computed the HSE band gap and conductivity effective masses of the new compounds and pointed out four materials as potential p-type TCM candidates: MYS 2 (M = Ag, K) and MLaO 2 (M = Cr, Br).
The HT studies presented so far have assessed the dopability by two approaches: using the BPE or through full defect computations but only for the most promising candidates in view of the cost of defect computations. Yim et al. suggested to rely on the FEH to characterize the p-type dopability of the materials they studied. Focusing on Cu 1+ and Sn 2+ containing compounds, the authors used the GGA conductivity effective mass and band gaps from HSE followed by their FEH evaluation. In total, they screened 40 oxides and found back a few known materials such as CuAlO 2 or SnO. Interestingly, they retrieved K 2 Sn2O 3 as a very highly dopable, low-hole effective mass candidate. They outlined two new p-type TCO candidates: CuLiO with properties comparable to CuAlO 2 and La 2 TeO 2 which appears chemically close to the La 2 SeO 2 outlined by Samarian et al. 30 Oxides were initially considered by HT studies because they are the most common chemistry for current TCMs. However, as already mentioned and clearly observed in HT studies, the oxygen nature of the VB in most oxides limits the mobility of holes. Therefore, Varley et al. extended the HT search to nonoxides considering more than 30,000 materials, including sulfides, nitrides, and phosphides. 108 Figure 8 compares the different chemistries in terms of the hole conductivity effective mass and corrected band gap distribution. It shows that the average hole effective mass is much higher for oxides than for sulfides, nitrides, and phosphides. The lowest hole effective masses are present in phosphides which are therefore attractive for their transport properties. However, Fig. 8 also shows that nonoxide materials have smaller band gaps. The distribution of phosphides is centered on a band gap value of 2 eV, making them on average much less transparent than oxides. A strategy to bypass this fundamental issue with nonoxides was suggested by taking into account the direct or indirect character of the gap. A material with a high direct band gap but a low indirect one would only absorb weakly if used as a thin film and be transparent enough for TCM applications (see Section "Transparency to visible light"). Applying this approach to phosphides and combining effective mass screening with DFT followed by G 0 W 0 band gap computations, they showed that BP exhibits a very low hole effective mass combined with a high direct band gap and p-type dopability. Measured hole mobilities in BP range from 8 to 350 cm 2 V −1 s
, and a conductivity as high as 2800 S cm −1 has been reported in the literature for BP confirming the computational insight and stressing the importance of experimentally considering BP as a p-type TCM. 108 Very recently, Ha et al. screened all nonoxide compounds from the ICSD and identified CaTe and Li 3 Sb as potential p-type TCM candidates. 109 They also performed a defect study and computed the phonon-limited mobility for these candidates to further assess their potential. Nonoxides were also screened by Raghupathy et al. with a focus on nontoxic binary nonoxide chalcogenide-based semiconductors from the ICSD and Materials Project (more than 500 materials). 29 They screened materials based on their HSE band gap, their stability and their hole effective mass. Finally, they assessed the dopability of the remaining candidates through defect computations, and outlined nine potential p-type TCM candidates. Four of them (ZnS, MgS, MgTe, and Al 2 Se 3 ) have a band gap (both measured and computed) above 3 eV.
Sharing of HT data sets to enable other researchers to mine or screen on the data sets is definitely an exciting avenue for HT computing. The data set of conductivity effective mass developed within the Materials Project and used in several screenings has been recently released by Ricci et al. 23 A very good demonstration of how data sharing can rapidly be used is provided by the work from Raghupathy et al. who very quickly used this data set to perform a HT search for p-type ternary chalcogenides. 110 The authors screened for stability, band gap and hole conductivity effective mass from the shared data set. After investigating the dopability, they finally listed a series of potential p-type TCMs highlighting IrSbS. The use of purely DFT-based defect computations however could lead to an overestimation of the p-type dopability of this material.
OUTLOOK
TCOs are widely used materials. Anyone with a smartphone actually carries a thin layer of TCO as these materials are used in touchscreens. These fascinating materials are emblematic of the typical challenges faced by materials scientists as they combine properties that are antagonistic: transparency and conductivity. Ab initio techniques have reached such a level of maturity that many of the optical, electronic, and defect properties required to understand and predict TCOs properties are nowadays computable with a reasonable accuracy and cost. This led to their use to perform materials prediction especially using HT approaches and mainly tackling the search for p-type TCMs. While there is still much work to be done, exciting first successes have clearly been achieved with a few materials discovered in silico and confirmed experimentally (e.g., Ba 2 BiTaO 6 and TaIrGe). These previous successes make us confident that more confirmation of previous computational predictions from HT studies will emerge in the future. The HT studies have also provided a clearer view of the opportunities for future materials exploration. Moving towards specific oxides (reduced main group elements) and nonoxides chemistries appears to be very promising avenues. As we outlined in this review, the methodological toolbox for computing TCM related materials properties is already very large. The future will see the automation of some of the properties that are still "manually" performed (e.g., defects or scattering time) and the improvement of the understanding of the accuracy of different methods in predicting certain properties. In parallel, new concepts for TCOs design (e.g., the use of correlated metal oxides) 77 will percolate to HT computing and offer new screening studies. Last but not least, the vast data generated by these HT efforts will provide an unprecedented resource for machine learning and data mining, improving even further the understanding of TCMs.
